This study explores the time-varying structure of market efficiency on the prewar Japanese stock market based on Lo's (2004) adaptive market hypothesis (AMH). In particular, we measure the time-varying degree of market efficiency using new datasets of the stock price index estimated by Hirayama (2017a Hirayama ( ,b, 2018Hirayama ( , 2019a. The empirical results show that (1) the degree of market efficiency in the prewar Japanese stock market varied with time and that its variation corresponded with major historical events, (2) Lo's (2004) AMH is supported in the prewar Japanese stock market, (3) the difference in market efficiency between the old/new TSE shares and the EQPI depends on the manner in which the price index is constructed, and (4) the price control policy beginning in the early 1930s suppressed price volatility and improved market efficiency.
Introduction
Economists have been interested in whether Fama's (1970) efficient market hypothesis (EMH) is supported in stock markets. However, controversy exists over the present stock market efficiency. Lo (2004) proposes an alternative-the adaptive market hypothesis (AMH)-to the EMH. The AMH asserts that markets evolve due to several reasons such as behavioral biases and structural changes. He argues that it is not realistic to argue whether the market is completely efficient as per the EMH. Lim and Brooks (2011) provide a survey of recent literature on the AMH as well. In the context of empirical studies of the AMH, various methodologies have been employed to explore the possibility that both the stock market evolves and that market efficiency changes over time. In particular, many studies examine whether the present stock market efficiency varies with time; these studies include Ito and Sugiyama (2009) , Ito et al. (2014 Ito et al. ( , 2016b , Kim et al. (2011) , Lim et al. (2013) , and Noda (2016) . They show that market efficiency varies with time in the present stock markets with a change in market conditions. Meanwhile, few studies focus on stock market efficiency from a historical perspective because of the low availability of prewar stock market data, except for the U.S. and Japan.
For the prewar U.S. stock market, two major long-run datasets exist, namely, the Dow Jones Industrial Average index and the S&P 500 composite index. Choudhry (2010) investigates endogenous structural breaks in the U.S. stock market using the daily Dow Jones Industrial Average index during the WWII period using Perron's (1997) structural shift-oriented test. He concludes that the breakpoints in the market are consistent with major historical events during the war. Kim et al. (2011) apply the daily Dow Jones Industrial Average index from 1900 to 2009 to examine time-varying return predictability using some automatic variance ratio-based test statistics. 1 They find strong evidence indicating that return predictability changes over time, and it is associated with stock market volatility and economic fundamentals. Furthermore, they show that return predictability is time-varying due to changing market conditions, which is consistent with the implication of the AMH. Ito et al. (2016b) employ the monthly S&P composite index from 1871 to 2012 when applying a generalized least square (GLS)-based time-varying autoregressive (AR) model to investigate whether the U.S. stock market evolves over time. They conclude that market efficiency has changed through time, and the U.S. stock market has evolved over time and the AMH is supported in the U.S. stock market.
Unlike the prewar U.S. stock market, there is no composite stock market index in the prewar Japanese stock market. Therefore, earlier studies examine the EMH using various stock market indices. Kataoka et al. (2004) employ the daily stock prices in 1903 alone to examine whether the prewar Japanese stock market was efficient. They accordingly calculate the autocorrelation coefficients to find that the market was almost efficient in the weak sense of Fama (1970) . Suzuki (2012) assumes the same breakpoints that are detected in Choudhry (2010) to investigates the relationship between breakpoints (major historical events) during the Pacific War and the variation of stock prices using daily stock market data. 2 He concludes that market efficiency declined after the start of the Pacific War and that the breakpoints are consistent with the variation of stock prices. Bassino and Lagoarde-Segot (2015) use the daily stock prices from 1931 through 1940 when applying Engle et al.'s (1987) generalized AR conditional heteroskedasticity (GARCH)-in-mean model to investigate information efficiency in the prewar Japanese stock market. They find that the 1930s Japanese stock market deviated from weak-form efficiency. Note that earlier studies employ stock prices of per industry, or a pseudo-volume-weighted price index, as their datasets and apply unsophisticated empirical methodologies. 3 Moreover, the sample period of most studies is too short to examine whether the modern stock market evolves and the market efficiency changes over time in the sense of the AMH.
We have two approaches, namely, conventional statistical tests and time-series models, to examine the AMH. The former approach constitutes the GLS-based time-varying parameter models developed by Ito et al.'s (2014; 2016b; 2017) . They aim to estimate the degree of market efficiency together with its statistical inference on stock markets. For instance, Noda (2016) employ a GLS-based time-varying parameter model to investigate whether the AMH is supported in the present Japanese stock market. The study concludes that the AMH is supported in the present Japanese stock market. Another approach is Kim et al.'s (2011) automatic variance ratio test using moving-window samples. This approach is a conventional statistical test used to examine the AMH. However, it is widely known that the moving-window method poses a problem of determining the optimal window width for the test statistic because the optimal window width changes from sample to sample. In contrast, GLS-based time-varying parameter models do not depend on sample size. Thus, this study employs prewar Japanese stock market data as an example in the modern period to examine Lo's (2004) AMH on the modern stock market. In particular, we measure the degree of market efficiency with statistical inferences using a GLS-based time-varying parameter model. As a result, we investigate the relationship between major historical events and variations in market efficiency. 3 It is notable that those price indices cannot accurately reflect the value of capital in the whole stock market.
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The remaining paper is organized as follows: Section 2 presents our empirical method for estimating the degree of market efficiency based on Ito et al.'s (2014; 2016b; 2017) GLS-based time-varying parameter model. Section 3 introduces new datasets of the price index for the prewar Japanese stock market estimated by Hirayama (2017a Hirayama ( ,b, 2018 Hirayama ( , 2019a and presents the results of some statistical tests. Section 4 shows our empirical results using GLS-based time-varying parameter models and discusses the relationship between major historical events and timevarying market efficiency in the prewar Japanese stock market. Section 5 concludes the paper.
The Model
This section provides a brief review of Ito et al.'s (2014; 2016b; 2017) GLS-based time-varying parameter model. In this study, we employ an AR model as a special case of their model. With this, we obtain the degree of market efficiency in the prewar Japanese stock market at each period using its univariate data. We then study the time-varying nature of the market's function.
Suppose that p t is a stock price at t period. Our main focus is reduced to the following condition, which is defined by Fama (1970) :
where x t = ln p t − ln p t−1 . In other words, the time-t expected return given the information set available at t − 1 is zero. When x t is stationary, the Wold decomposition allows us to regard the timeseries process of x t as
where {u t } follows an i.i.d. process with a zero mean, and a variance of σ 2 ,
We can see that the EMH holds if and only if φ (L) = 1. This suggests that the way the market deviates from the efficient market reflects the impulse response, which is a series of {u t }s. Let us construct an index based on the impulse response to investigate whether the EMH holds for the prewar Japanese stock market.
We can easily obtain the impulse response by using an AR model and algebraically computing its estimates. We find that the process of the return of stock price x is invertible under some conditions. We estimate the following time-varying AR(q) model
where ε t is an error term with E [ε t ] = 0, E [ε 2 t ] = σ 2 , and E [ε t ε t−m ] = 0 for all m = 0. We can regard any AR(q) model as VAR (1) for a certain q-vector in accordance with Lütkepohl (2005, p.15 ). Thus, we can employ Ito et al.'s (2014; 2016b; 2017) approach when we define a degree of market efficiency. In the case of a univariate model, we obtain the degree computed through the AR estimated coefficients, α 1 , · · · , α q , as follows:
It measures the deviation from an efficient market. Note that in the case of an efficient market where α 1 = α 2 = · · · = α q = 0, the degree ζ becomes zero; otherwise, ζ deviates from zero. Hence, we call ζ the degree of market efficiency. When we find a large deviation of ζ from 0 (both positive and negative), we consider it evidence of market inefficiency. Moreover, we can construct the degree that would change with time when we obtain time-varying estimates of the coefficients in Equation (2). Adopting a method developed by Ito et al. (2014 Ito et al. ( , 2016b Ito et al. ( , 2017 , we estimate AR coefficients at each period in order to obtain the degree defined in Equation (3) at each period. In practice, following their idea, we use a model in which all the AR coefficients, except for the one that corresponds to the intercept term, α 0 , follow independent random walk processes. That is, we suppose
where {v l,t } satisfies E [v l,t ] = 0, E v 2 l,t = σ 2 and E [v l,t v l,t−m ] = 0 for all l and m = 0. The method of Ito et al. (2014 Ito et al. ( , 2016b Ito et al. ( , 2017 allows us to estimate the GLS-based time-varying AR (TV-AR) model:
together with Equation (4).
To conduct a statistical inference on our time-varying degree of market efficiency, we apply a residual bootstrap technique to the TV-AR model above. We build a set of bootstrap samples of the TV-AR estimates under the hypothesis that all the TV-AR coefficients are zero. This procedure provides us with a (simulated) distribution of the estimated TV-AR coefficients, assuming the stock return processes are generated under the efficient market hypothesis. Then, we compute the corresponding distributions of the impulse response and degree of market efficiency. Finally, by using confidence bands derived from such simulated distributions, we conduct a statistical inference on our estimates and detect periods when the prewar Japanese stock market experienced market inefficiency.
Data
We use three different datasets on the prewar Japanese stock markets calculated by Hirayama (2017a Hirayama ( ,b, 2018 Hirayama ( , 2019a : the old Tokyo Stock Exchange (TSE) share, the new TSE share, and the equity performance index (EQPI). The old and new TSE shares are based on the stock price of the TSE and both are price-weighted indices. 4 As mentioned in Hirayama (2017a Hirayama ( ,b, 2018 Hirayama ( , 2019a , the EQPI is the first capitalization-weighted index in the prewar Japanese stock market. Hirayama provides three types of monthly average price indices for each dataset: the price index (PI), the adjusted price index (API), and the total return index (TRI). The sample periods of datasets are quite different: from September 1878 to April 1943 for the old TSE shares, from June 1924 to April 1943 for the new TSE shares, and from June 1924 to August 1945 for the EQPI. We take the log first difference of the time series of prices to obtain the returns of the indices. Table 1 demonstrates the descriptive statistics for the returns. We confirm that the mean of returns on the total return index is higher than those of the price index and the adjusted price index. That is, the income gain is higher than the capital gain in the prewar Japanese stock market. Therefore, we must take the dividend into account when we analyze the prewar Japanese stock market.
( Table 1 around here) Table 1 also shows the results of the unit root test with descriptive statistics for the data. For estimations, all variables that appear in the moment conditions should be stationary. We apply the Elliott et al.'s (1996) augmented Dickey-Fuller GLS (ADF-GLS) test to confirm whether the variables satisfy the stationarity condition. We employ the modified Bayesian information criterion (MBIC) instead of the modified Akaike information criterion (MAIC) to select the optimal lag length. This is because, from the estimated coefficient of the detrended series,ψ, we do not find the possibility of size-distortions (see Elliott et al. (1996) ; Ng and Perron (2001) ). The ADF-GLS test rejects the null hypothesis that the variables (all returns) contain a unit root at the 1% significance level.
Empirical Results

Preliminary Estimations
We first assume a time-invariant AR(q) model with a constant and employ Schwarz's (1978) Bayesian information criteria (SBIC) to select the optimal lag order in our preliminary estimations. Table 2 summarizes our preliminary results for a time-invariant AR(q) model. In the estimations, we choose a fourth-order autoregressive (AR(4)) model for the old TSE shares, a first-order autoregressive (AR(1)) model for the new TSE shares, and a second-order autoregressive (AR(2)) model for the EQPI.
( Table 2 also shows that the cumulative sum of the AR estimates for the case of the old TSE shares is the smallest, followed by the EQPI and the new TSE shares, in that order. 5 It shows that the old TSE shares is the most efficient. Considering this result as well as the limited explanatory power of time-invariant AR models, we should pay more attention to the time-varying nature of the market efficiency of the prewar Japanese stock market.
We investigate whether the parameters are constant in the above AR(q) models using Hansen's (1992) parameter constancy test under the random parameters hypothesis. Table 3 also presents the test statistics; we reject the null of constant parameters against the parameter variation as a random walk at the 1% significance level. Therefore, we estimate the time-varying parameters of the above AR models to investigate whether gradual changes occur in the prewar Japanese stock market. These results suggest that the time-invariant AR(q) model does not apply to our data and that the TV-AR(q) model is a better fit.
From a historical viewpoint, the prewar Japanese stock market experienced various exogenous shocks such as bubbles, economic or political crises, natural disasters, policy changes, and wars. Table 3 summarizes the major historical events in the prewar Japanese stock market.
( Table 3 around here)
We consider that the events affected the stock price formation. We estimate the degree of time-varying market efficiency using a GLS-based TV-AR model in the next subsection. show that the degree of market efficiency in the prewar Japanese stock market fluctuated over time. We find that the prewar Japanese market was almost efficient but the efficiency was quite volatile through the sample period. In the following, we interpret the variation of the degree in light of the major historical events as shown in Table 3 . Note that the interpretation of market efficiency until the 1923 Great Kanto Earthquake is restricted to the old TSE shares because the datasets for the new TSE shares and EQPI are not available prior to June 1924.
Time-Varying Degree of Market Efficiency and its Interpretations
We first discuss how the establishment of the Exchange Law in October 1893 affected stock market efficiency. Figure 4 shows the time-varying market efficiency. We can see that the market efficiency of the API and the TRI improved, whereas the PI's was barely affected. As described by Kataoka (1987) , most of the investors in the Meiji era aimed at funding limited liability companies, and not at portfolio selection. This is why the law had a negligible impact on the market efficiency of the PI. Therefore, the establishment of the law improved only the market efficiency of the API and the TRI through the relaxing of the time-inconsistency problem. We next confirm how the two wars, namely, the Sino-Japanese War (1894 War ( -1895 and the Russo-Japanese War (1904 War ( -1905 , influenced market efficiency. We find that market efficiency remained almost flat during the two wars and rapidly worsened after the wars as shown in Figure 4 . It is widely known that after those two wars, the prewar Japanese stock market experienced a bubble economy. In other words, speculated investment caused the quite high volatility of the stock price and worsened market efficiency. We also find that the TRI of market efficiency was most affected by the two wars.
From July 1914 to November 1918, the world experienced World War I. The Japanese economy rose through increasing exports because the main battlefields of the war were in Europe. This is well known as the inter-WWI bubble economy in Japan. Figure 4 indicates that market efficiency rapidly worsened until March 1920, when the post-war depression began. Now we find that the most inefficient market was the PI, followed in order by API and TRI. After the collapse of the bubble economy in March 1920, Japan went through a serious depression. Consequently, market efficiency improved because speculative investment was suppressed. In September 1923, the Great Kanto Earthquake occurred. The earthquake was the impetus for ending market efficiency improvements and, as a result, the market's relative worsening. However, the market ran efficiently in terms of the absolute level. This result is consistent with Suzuki and Yuki (2019) . They apply the daily stock prices during the 100 days before and after the Great Kanto Earthquake and employ Perron's (1989) unit root test with a known breakpoint to examine whether the stock price formed efficiently after the earthquake. They conclude that the stock price reflected various data correctly even after the earthquake occurred. The market efficiency itself declined relatively because the extensive monetary easing policy adopted by the Bank of Japan to support earthquake recovery led to high and volatile stock prices. In terms of market efficiency, we can see that the variation of PI, API, and TRI are almost indifferent after the Great Kanto Earthquake. Hirayama (2017b) states that the Tokyo Stock Exchange had not revised the stock price after ex-rights since the seventh capital increase in September 1920. This caused a serious downward bias of the returns on the API and TRI. Consequently, the market efficiency of each return came to have a similar tendency.
The Japanese government established the amended Bank Law to reorganize and merge the banking sector in March 1927. Figures 4, 5, and 6 show that the market efficiency of the old and the new TSE shares declined from 1928 to 1929 through the establishment of the law. This is because the old and the new TSE shares are price-weighted indexes and strongly affected by the bank sector. 6 On the other hand, the policy effect on the EQPI is limited because the EQPI is a capitalization-weighted index. This result is consistent with the conclusion of Teranishi (2004) , who argues that the policy effect of this law was prominent in 1928 and 1929. The Great Depression of 1929 heavily and globally affected the economy. From the depression, each government restricted foreign trade to protect domestic industries. Figures 4, 5 , and 6 demonstrate that market efficiency improved during the depression through the suppression of speculative investment. The Japanese government abandoned the gold standard and adopted the managed currency system in December 1931 to recover the economy. As a result, market efficiency rapidly improved after the policy change.
After the Great Depression, Japan moved into a period of war. In February 1936, a group of young officers of the Imperial Japanese Army attempted a military coup commonly called "The February 26 Incident." They killed Korekiyo Takahashi (JapanâĂŹs finance minister) who was a famous economic policymaker in prewar Japan. As a result, the military began to seize the initiative for policymaking on behalf of the government. However, the incident had little effect on market efficiency as shown in Figures 4, 5 , and 6. This is because Giichi Tanaka's cabinet had already approved "The Outline of the General Mobilization Affairs Plan" in June 1929 to control prices. As a result, the incident did not cause a fluctuation of stock prices. Then, Fumimaro Konoe's cabinet established the "National Mobilization Law" in April 1938 to severely suppress price volatility in various markets. This study finds that the 1930s Japanese stock market was almost efficient, but it contradicts the finding of Bassino and Lagoarde-Segot (2015) . This difference can be attributed to the dataset and the empirical method used in Bassino and Lagoarde-Segot (2015) . Their dataset contains periods of high-level price volatility, such as the Great Depression and WWII. In fact, the volatility of the stock return was too intensive, as shown in Figure. 1 of Bassino and Lagoarde-Segot (2015) . They also estimate a time-invariant GARCH-in-mean model to investigate information efficiency using the aforementioned periods' dataset; it is obvious that market efficiency tends to be inefficient when a high-level price volatility dataset is used. 7 In Figures 4, 5, and 6 , the old and the new TSE shares indicate that market efficiency maintained a high level until the Pacific War and rapidly declined during the war. This result is consistent with Suzuki (2012) , who investigates the market efficiency during the Pacific War using the new TSE-based volume-weighted index. In contrast, the market efficiency of the EQPI had been improving. The difference between the types of indices caused the difference in the variation of market efficiency. As mentioned above, this is because the old and the new TSE shares heavily related to the bank sector, but the EQPI did not. In particular, Fujino and Teranishi (2000) and Utsunomiya (2011) reveal that the government bonds ratio to total financial assets rapidly increased from 1941 when the Pacific War occurred. The market efficiency of the EQPI continued improving because (1) the EQPI is just a capitalization-weighted index, and (2) price volatility had been prevented by the price control policy. We find that the price control policy suppressed the price volatility and improved market efficiency, as did Ito et al. (2016a Ito et al. ( , 2018 .
Concluding Remarks
In this study, we apply Lo's (2004) AMH to investigate whether the market efficiency of the prewar Japanese stock market changed over time. In practice, we estimate the degree of market efficiency based on Ito et al.'s (2014; 2016b; 2017) GLS-based time-varying parameter model. We summarize the results as follows. First, the degree of market efficiency in the prewar Japanese stock market varied with time and its variation corresponded with major historical events. Second, the results support Lo's (2004) AMH on the prewar Japanese stock market, as well as Noda (2016) . Third, the variation of market efficiency of each return became almost equivalent after the rapid capital increase in the early 1920s. Fourth, the variation of market efficiencies is quite different between the old/new TSE shares and the EQPI. We find that this difference depends on whether the price index is price-weighted or capitalization-weighted. Lastly, price control policy from the early 1930s suppressed price volatility. As a result, the prewar Japanese stock market operated more efficiently even during WWII. 03 1903.09 1916.03 1928.09 1941.03 Note: R version 3.6.1 was used to compute the statistics. 1924.07 1928.08 1932.1 1936.12 1941.02 1945.04 Note: As for Figure 1. Notes:
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(1) "Old," "New," and "EQPI" denote the Tokyo Stock Exchange old share, the Tokyo Stock Exchange new share, and the equity performance index, respectively.
(2) "R P I ," "R AP I ," and "R T RI " denote the returns on the price index, the adjusted price index, and the total return index, respectively.
(3) "ADF-GLS" denotes the ADF-GLS test statistics, "Lags" denotes the lag order selected by the MBIC, and "φ" denotes the coefficients vector in the GLS detrended series (see Equation (6) in Ng and Perron (2001) ).
(4) In computing the ADF-GLS test, a model with a time trend and a constant is assumed. The critical value at the 1% significance level for the ADF-GLS test is "−3.42".
(5) "N " denotes the number of observations. (6) R version 3.6.1 was used to compute the statistics. Notes:
(1) "R t−p ," "R 2 ," and "L C " denote the AR(p) estimate, the adjusted R 2 , and the Hansen's (1992) joint L statistic with variance, respectively.
(2) Newey and West's (1987) robust standard errors are between brackets.
(3) R version 3.6.1 was used to compute the estimates. Notes:
(1) The panels of the figure show the time-varying degree of market efficiency for the PI (first panel), API (second panel), and TRI (third panel).
(2) The dashed red lines represent the 99% confidence intervals of the efficient market degrees.
(3) We run the bootstrap sampling 10,000 times to calculate the confidence intervals.
(4) R version 3.6.1 was used to compute the estimates. 
